I. INTRODUCTION
For a certain doping range, at temperatures higher than the superconducting transition temperature T c , hole doped cuprate high temperature superconductors (HTSC) exhibit depletion in the density of states (DOS) around the Fermi energy, E F . This 'soft gap', known as the pseudogap (PG) persists up to a doping dependent temperature T * > T c . The PG phenomenon is not yet well understood and it is even still unclear whether its origin is related to superconductivity or not. Experimentally, the PG has been studied extensively for different HTSCs, using various methods. [1] Several experiments show that the PG exists only in the underdoped regime and that there, for each doping level, it evolves smoothly into the superconducting (SC) gap at the corresponding T c . This suggests that both phases share a similar energy scale. In contrast, quite a few studies reveal deviations from the above 'universal' behavior. Angle resolved photo emission spectroscopy (ARPES) investigations [2, 3] imply that there may be two PGs of different origins in La 2−x Sr x CuO 4 (LSCO), with typical gap values of ∼ 30 and ∼ 100 meV. Scanning tunneling microscopy and spectroscopy (STM and STS) studies of Bi-based cuprates show that the PG extends into the overdoped regime, [4, 5] while no PG has been measured for optimally-and overdoped Y Ba 2 Cu 3 O 7−δ (YBCO). [6] These contradicting data raise the question of whether the observed results are truly universal attributes of the PG in the HTSC cuprates.
STS enables precise measurements of the single particle excitation spectra, with high energy and spatial resolution, making it a powerful tool for studying the energy scales of both the SC gap and the PG. Atomically-resolved STS measurements of the DOS in Bi 2 Sr 2 CaCu 2 O 8−δ (BSCCO) revealed large spatial fluctuations of the quasi-particle DOS [7, 8, 9, 10] and provided the first tunneling spectroscopy data of the PG doping and temperature dependencies. [4] In fact, most of the STS investigations of the cuprates has been performed on BSCCO due to the relative ease of achieving a clean surface by cleavage under vacuum. In contrast, very few STM studies have been carried out on LSCO due to problems of surface degradation. The same problem also hindered STM measurements of heavily underdoped YBCO.
The relatively low T c and ease of sample preparation over a wide doping range make LSCO an ideal candidate for studying the PG. This is illustrated by the abundant experimental data available, acquired using various techniques such as transport measurements, [11] point contact spectroscopy [12] , tunnel junctions, [13] infra red spectroscopy, [14] and ARPES. [15] It is therefore unfortunate that STS measurements on LSCO are relatively scarce, and were performed mainly on optimally doped samples. Obviously, it is very important to expand the STS measurements in LSCO also to the under-and overdoped regimes of the phase diagram, to obtain a comprehensive picture of the doping dependence of the DOS and elucidate the relation between the SC and PG states. This will hopefully be an important step towards resolving the mechanism underlying high T c superconductivity.
Another unresolved property of LSCO and related cuprates (e.g. the La-214 family) is
anomaly, where a suppression of the superconducting transition temperature is observed. This is manifested in La 2−x Ba x CuO 4 [16] where T c drops to nearly zero at x = 1 8 , and in LSCO, in a more subtle way, where a plateau develops in the T c versus doping curve,
. [17, 18] In addition, magnetization and penetration depth results have recently been reported to behave anomalously at x = 1 8
.
[19] The above phenomena have been attributed
by various authors to a stripe phase known to exist in these compounds. [20] The connection with stripes emerges from the fact that at x = 1 8 the stripe spacing is commensurate with the underlying crystal structure. We note in passing, that anomalies are expected also for other x values at which commensurability conditions prevail, often referred to as magic numbers.
[21]
Following the above considerations, we performed a systematic STS study of LSCO over a wide range of doping and temperature. To the best of our knowledge, this is the first report on STS measurements of the temperature evolution of the DOS in underdoped and overdoped LSCO, and for the x = 1 8
doping level in particular. Our main findings are that the PG in LSCO pertains only to the underdoped regime, and is absent for doping levels higher than optimal. Additionally, for c-axis films with x = 0.12, a zero bias conductance peak (ZBCP) was observed on large smooth c-axis areas of the sample surface, replacing the excepted V-shaped (c-axis tunneling) gap. This is a surprising result, since the ZBCP is known to be the dominant spectral feature on (110) surfaces due to the formation of Andreev bound states, while in c-axis tunneling spectra no such ZBCP is expected.
II. EXPERIMENT
90 nm thick LSCO films were epitaxially grown on (100) SrT iO 3 wafers by laser ablation deposition, with c-axis orientation normal to the substrate. About three films for each of the following doping levels were measured: x = 0.08, 0.10, 0.12 (underdoped); x = 0.15 (optimally doped) and x = 0.18 (overdoped). The LSCO films consisted of c-axis crystallites having well defined facets, 50 -100 nm long, as shown in Fig. 1(a) . As will be detailed below, most of the exposed side facets are (100) oriented, but some exposed side facets are of the (110) surface. The samples were transferred from the growth chamber in a dry atmosphere and introduced into our cryogenic STM after being exposed to ambient air for less than 5 min. About six tunneling spectra (dI/dV vs. V characteristics) were acquired at each position to assure data reproducibility. We also checked the dependence of the tunneling spectra on the voltage and current settings (i.e., the tip-sample distance, or the tunneling resistance values, in the range of 100 MΩ to 1 GΩ) and found no effect on the measured gap features, disproving the possibility that these gaps are even partially related to single electron charging effects. [22] The temperature dependent resistance [R(T)] measurements were performed using the standard 4-probe technique, where special care was taken to stabilize the temperature before each resistance measurement and to avoid sample heating.
III. RESULTS AND DISCUSSION
A. Evolution of the gap structure with doping and temperature
For all the doping levels studied, except for x = 0.12 (see below), the tunneling spectra between the tunneling spectra and the surface nano-morphology was observed in our previous investigations of YBCO films. [25] The ZBCP, a unique spectral feature of d -wave SCs, [26] will be further discussed below. Interestingly, pronounced above-gap structures appear in the tunneling spectra that were aquired on the side facets of the c-axis crystallites [spectra (c) and (d)]. Such features occasionally appear, in a weaker manner, also in the c-axis (on crystallite) tunneling data. These above-gap features may be related to the phonon structure, which may be more efficiently detected when tunneling into the a-b plane. [27] In fig 2 we present differential conductance spectra acquired at selected temperatures on three samples: a heavily underdoped x = 0.08 (a), an optimally doped x = 0. 15 (b) and an overdoped x = 0.18 (c), samples. The gap value, ∆, was extracted from the data by taking half the width between the coherence peaks. At temperatures higher than 4.2 K, where the coherence peaks were smeared, the maximum change of the slope was taken as the position of the gap edge. This method, which yields some uncertainty in the determination of the gap values, was applied before for tunneling spectra obtained on LSCO, since in many cases the coherence peaks were undetectable. present the corresponding R(T) curve that was measured right after the STM measurements.
As seen in Fig. 2(a) , the SC gap of the underdoped x = 0.08 films does not close up at , and completely disappears at T onset c ∼ 31 K. This behavior resembles the temperature evolution of a BCS-like gap. [32] Our data may thus portray a crossover from a non-BCS to a BCS-like SC gap behavior as the doping increases from below to above optimal doping, as suggested previously. [33, 34] We conclude that our STS results corroborate earlier findings on LSCO (using other overdoped BSCCO samples (while we do not) and reported that ∆ monotonically decreased as the doping level was increased (whereas we found that ∆ follows the SC dome, see Fig. 2 ).
These discrepancies lead one to question the universality of the SC gap and PG attributes among the family of the HTSC cuprates. We note that the cuprates differ from one another in various ways, e.g., in the number of CuO 2 planes within the unit cell, the T c values and the doping methods, thus universality should not necessarily prevail. tunneling gap. In Fig. 4 we present a typical line scan taken on top of a c-axis crystallite (shown in the inset) in one of our x = 0.12 films. All the spectra indeed exhibit clear ZBCP structures. This behavior was observed for all three x = 0.12 samples we measured, on different locations on each film separated by a few millimeters from one another and for various directions of the line-scan. Areas showing the expected (ZBCP-free) gap structure were also found, but they comprised less than 15% of the scanned sample area [the corresponding data were used in the analysis shown in Fig. 2(d) ]. We would like to emphasize that the unexpected appearance of the ZBCP was exclusively found in the x = 0.12 doping level, whereas for other doping levels only V-shaped gaps were observed on top of the crystallites (see Fig. 1 ). In the latter (x = 0.12) films, the ZBCPs were detected only along some of the crystallite facets, as discussed above.
The ZBCP spectral feature is one of the hallmarks of d -wave superconductivity. resolved STS data acquired on top of c-axis crystallites, but can be detected on side facets of these crystallites, as demonstrated above and even more clearly on pure (110) facets. [25] We believe that the anomalous abundance of ZBCPs reported here for the x = 0.12 films to some type of zero-energy surface bound states, the data in Fig. 6 reflect the number of bound states at each temperature. [37] Both sets of data show that the ZBCP magnitude decreases monotonically as the temperature is increased. There is, however, a marked difference between the two samples, namely, the two types of ZBCPs. While the ZBCPs on the (001) surface were still detectable at around T c ≈ 27K, the 'conventional' ZBCPs vanished already at a much lower temperature, ∼ 18 K, well below T c .
Previous tunneling spectroscopy investigations of the nodal surfaces of LSCO and YBCO showed that the ABS usually lose all spectral weight at about 0.5 − 0.6T c . [13, 38] In particular for the (110) V. ACKNOWLEDGMENTS
